The synthesis and characterisation of a new anthracycline, 3 0 -azidodaunorubicin semicarbazone (ADNRS) is reported. The interaction between ADNRS and calf thymus DNA (ctDNA) was investigated by absorption and fluorescence spectroscopy in combination with melting temperature (T m ) curves and molecular modelling in physiological buffer (pH 7.4). Evidence indicates that ADNRS binds in the groove of ctDNA and the fluorescence quenching mechanism is a static quenching type. Calculated thermodynamic parameters show that hydrophobic interactions may play a predominant role in the binding. Furthermore, molecular modelling results corroborate the spectroscopic investigations.
Introduction
In recent years, interactions between small molecules and DNA have attracted increasing interest of many research groups with the aim of understanding the drug-DNA interactions and the design of novel DNA-targeted drugs. [1] Circular dichroism spectroscopy, [2] molecular modelling, [3] isothermal titration calorimetry, [4] electrochemical, [5] and spectroscopic [6] methods have been applied as effective techniques to study these interactions. It is well known that DNA plays a major role in life processes and is quite often the main cellular target. [7] Many anticancer drugs are known to interact with DNA to exert their biological activities, such as anthracycline.
As a clinically useful anthracycline antibiotic for cancer therapy, daunorubicin can rapidly enter the nucleus of cells and bind with high affinity to DNA by non-covalent intercalation between base pairs which leads to inhibition of the synthesis of DNA and RNA. [8] However, several side effects limit its use such as cytotoxicity, myelosuppression, and development of multidrug resistance. Intense efforts in the synthesis of analogues have been made to obtain better therapeutic drugs. [9] In our previous work, a daunorubicin analogue, 3 0 -azido-3 0 -deaminodaunorubicin, was synthesised by transforming the 3 0 -amino group of daunorubicin to an azido group. The bioactivity and the binding to protein/DNA of the compound were investigated. [10] [11] [12] This lead compound exhibited potent anticancer activity in both drug-sensitive and drug-resistant leukemia cells, with a 25-fold lower drug resistance index than the parent compound, daunorubicin.
Proper understanding of the mechanism of drugs binding to their targets in cell is a fundamental requirement to develop new drug therapy regimens. In this paper, 3 0 -azidodaunorubicin semicarbazone (ADNRS, Fig. 1 ), a hybrid of the lead compound with a semicarbazide group, was synthesised. Its binding behaviours to ctDNA were investigated using ultraviolet (UV) and fluorescence spectroscopy as well as modelling methods under simulated physiological conditions. The binding mode and thermodynamic characteristics were explored. Molecular modelling results further confirmed the spectroscopic results and illustrated the binding mode. This combination of spectroscopic and molecular modelling methods might be widely used in the investigation on the toxic interaction of small molecular pollutants and drugs with biomacromolecules, which might contribute to understanding the molecular mechanism of toxicity or side effects in vivo.
Materials and Methods

Materials
UV absorption spectra were recorded on a TU-1810 spectrophotometer (Puxi Analytic Instrument Ltd, Beijing, China) using a 1.0 cm cell. Fluorescence spectra were measured on a Cary Eclipse fluorescence spectrophotometer (Varian, USA) equipped with a thermostatic bath and a 1.0 cm quartz cuvette. À4 mol L À1 and stored at 48C. The concentration of DNA was determined spectrophotometrically using the extinction coefficient value of 6600 L mol À1 cm À1 at 260 nm. [12] The ratio of the absorbance at 260/280 nm was found to be .1.8, which indicated that DNA was sufficiently free from any contamination. [13] A pH value of the media of 7.4 was controlled with a Tris-HCl (Tris ¼ tris(hydroxymethyl)aminomethane) buffer solution. All reagents were of analytical reagent grade and doubly distilled water was used throughout.
Methods
Fluorescence Spectra All fluorescence measurements were recorded on a Varian Cary Eclipse spectrofluorimeter coupled a 1.0 cm path length fluorescence cuvette. ADNRS, variable concentrations of ctDNA, and 2.0 mL Tris-HCl buffer (pH 7.4) were added to a 10 mL volumetric flask, and diluted with doubly distilled water. Both excitation and emission slit widths were set at 5 nm. An excitation wavelength of 254 nm was chosen and the emission spectra were recorded from 520 to 750 nm.
Electronic Absorption Spectra
Absorption spectra were recorded from 200 to 260 nm, using 1 cm path length cuvettes. Absorbance measurements were performed at a fixed concentration of ADNRS while varying the DNA concentration. In order to eliminate the absorbance of DNA, an equal amount of DNA was added to both sample solution and reference cuvette, and the absorbance was recorded after each successive addition of DNA.
Denaturation of DNA Thermally denatured ctDNA was obtained by incubating double-stranded ctDNA (dsDNA) in a boiling water bath for 30 min and then rapidly cooling in an ice-water bath for 10 min. [14] Comparison of the quenching effects of single stranded DNA (ssDNA) and dsDNA was performed by adding small aliquots of a concentrated ssDNA or dsDNA solution respectively to a solution of ADNRS at a constant concentration.
Fluorescence Quenching Studies
Potassium iodide was used as the quencher for iodide quenching experiments to determine the relative accessibilities of the free and bound ADNRS.
Effect of Ionic Strength
A series of assay solutions containing various amounts of NaCl and a fixed amount of ADNRS-ctDNA and ADNRS were prepared to measure the fluorescence intensity.
DNA Melting Studies
DNA melting experiments were conducted by monitoring the absorption intensity of ctDNA at 260 nm in the temperature range of 30 to 1008C both in the presence and absence of ADNRS. The melting temperature (T m ) was taken as the midpoint of the hyperchromic transition.
Molecular Modelling Studies
A binding model between ADNRS and ctDNA was generated by Sybyl 6.9. The FlexX module of the Sybyl 6.9 suite was applied to calculate the interaction mode of ADNRS binding to DNA. With the help of the Tripos force field, the geometry of ADNRS was subsequently optimised to minimal energy using Gasteiger-Huckel charges. The crystal structure of B-DNA used for docking was extracted from the Protein Data Bank, identifier 453D. Before the docking run, water was removed from the DNA PDB file and essential polar hydrogen atoms and Gasteiger charges were added. A maximum of ten conformers was considered for the ligand. The conformer with the lowest binding free energy was used for further analysis. During the docking process, the ligand atoms were allowed to move within a specified region to achieve the energy conformation and the radius around the solvent molecules was set to 12 Å . DNA was enclosed in a grid having 0.375 Å spacing. Other miscellaneous parameters were set as default. The output from Sybyl was rendered with PyMol.
Results and Discussion
Fluorescence Studies
Fluorescence Quenching Studies The fluorescence emission spectra of ADNRS in the absence and presence of DNA are shown in Fig. 2 . It was obvious that free ADNRS displayed an excitation maximum at 254 nm and an emission maximum at 585 nm. When increasing amounts of DNA was added, a regular decrease resulted in the fluorescence intensity of ADNRS but no shift of fluorescence maximum emission took place, which indicated that the binding of ADNRS to DNA indeed took place.
Fluorescence quenching includes dynamic quenching and static quenching. If the quenching mechanism is dynamic, it should follow the well known Stern-Volmer equation (Eqn 1):
where t 0 is the average life expectancy of the fluorescent molecule; F and F 0 are the fluorescence intensities of ADNRS with and without DNA, respectively, [Q] is the concentration of ctDNA, and K q and K SV are the quenching rate constants and the Stern-Volmer dynamic quenching constant, respectively. Table 1 . The values of K q were much greater than 2.0 Â 10 10 L mol À1 s À1 , the maximum diffusion collision quenching rate constant of various quenchers with biopolymers, [15] which indicated that the quenching mechanism of ADNRS by DNA was most likely a static quenching procedure.
For static quenching it is often assumed that small molecules bind independently to a set of equivalent sites on a macromolecule, namely, the binding capability of DNA at each binding site is equal. The binding constant K and the binding sites n can be calculated using Eqn 2: [16] log
where K and n are the intrinsic binding constant and the number of binding sites, [Q] is the concentration of quenching reagent, F 0 is the fluorescence intensity of the complex alone, and F is the fluorescence intensity of the complex in the presence of DNA. Thus, a plot of log(F 0 À F)/F versus log[Q] (Fig. 4) yielded the K and n values which are summarised in Table 2 . The binding constant K increased with temperature, which indicated that the binding was an endothermic reaction, and the capacity of ADNRS binding to DNA was enhanced with the rising temperature. [17] The binding constant of the DNA-ADNRS complex was calculated to be 1.724 Â 10 4 L mol À1 at 298 K, which was smaller than the values of typical intercalators (10 5 L mol
À1
). [18] Therefore, it could be concluded that the binding of ADNRS to DNA was not a classical intercalation.
Thermodynamic Parameters and the Nature of Binding Forces
The thermodynamic parameters dependent on temperature were further investigated for characterising the interaction forces between ADNRS and ctDNA. There are several forces acting between small molecules and biomacromolecules including hydrophobic forces, hydrogen bonding, van der Waals forces, and electrostatic interactions. [19] The enthalpy change DH, entropy change DS, and free energy change DG for a binding reaction were calculated from the van't Hoff equation (Eqn 3) and Gibbs-Helmholtz equation (Eqn 4):
where K is the binding constant at corresponding temperature and R is the gas constant. The values of DH and DS were obtained from the slope and intercept of the linear van't Hoff plot by assuming that DH is independent of temperature over the range of employed temperatures. The free energy change DG was estimated from Eqn 4. The values of thermodynamic parameters are also listed in Table 2 . Generally, when DH , 0 and DS . 0, the main binding force is electrostatic; when DH , 0 and DS , 0, van der Waals or hydrogen bonding are the main forces; and when DH . 0 and DS . 0, the main force is hydrophobic. [20] The negative value of DG revealed that the interaction process was spontaneous. Meanwhile the positive DH and DS values indicated that hydrophobic interactions were the main mode of binding of ADNRS to DNA; other non-covalent interactions also cannot be excluded.
Absorption Spectra Studies
Electronic absorption spectroscopy is a common means to study the interaction of complexes with DNA. Binding of DNA via the intercalative mode usually results in significant hypochromicity (#40 %) and red shift (.10 nm), [21, 22] because the intercalation involves a strong stacking interaction between an aromatic chromophore and the DNA base pairs. [23] However, external groove binding causes a small (or no) spectral shift and an occasional hyperchromicity. The absorption spectra of ADNRS in the absence and presence of ctDNA are shown in Fig. 5 . As the concentration of ctDNA increased, the absorption band of ADNRS showed slight hypochromism (,10 %) without any band shift. The phenomena are in agreement with the experimental results of the known groove binder distamycin. [24] As a consequence, the groove binding was most likely the binding mode of ADNRS with ctDNA. The intrinsic binding constant K for ADNRS was calculated from the Wolfe-Shimer equation, (Eqn 5):
where [DNA] represents the concentration of DNA, e a , e f , and e b are the apparent extinction coefficient for the complex (in the presence of DNA), the free complex, and the fully DNA-bound complex, respectively. The value of K was calculated to be 4.16 Â 10 4 L mol À1 from the ratio of the slope to the y-intercept. It was lower than typical intercalators such as ruthenium(II) mixed-ligand complexes, [25] which was consistent with the fluorescence studies confirming that the interaction of ADNRS to ctDNA was through non-intercalation.
Effects of Double Stranded DNA and Single Stranded DNA on the Fluorescence of ADNRS If small molecules interact with the phosphate backbone of DNA through electrostatic interactions, dsDNA and ssDNA would have the same quenching effect on the fluorescence of ADNRS. If the binding mode of small molecules with duplex DNA was intercalation, the quenching effect of ssDNA would be weaker than that of dsDNA. [26] The results of comparison experiments are shown in Fig. 6 . It was obvious that both dsDNA and ssDNA could quench the fluorescence of ADNRS but ssDNA had a stronger effect, which confirmed that the interaction between ADNRS and DNA was by groove binding.
Iodide Quenching Studies
Further support for the interaction pattern of ADNRS with DNA can be deduced from iodide quenching experiments. Owing to electrostatic repulsion between the negatively charged phosphate backbone of DNA and iodide anions, iodide anions will have difficulty colliding with bound small molecules. [27] So intercalated small molecules should be protected from being quenched by I À , while groove binding molecules can be partly quenched due to being partly protected by DNA. [28] The variation of K SV of ADNRS by I À ion in the absence and presence of ctDNA were obtained by using the Stern-Volmer equation. As shown in Fig. 7 , a slight decrease of K SV for ADNRS and the ADNRS-ctDNA system was observed in comparison with a significant change for intercalation binding, which also supported the groove binding mode of ADNRS with ctDNA.
Effect of Ionic Strength on the Fluorescence Properties
Monitoring spectral changes with solutions of different ionic strength is an efficient method for distinguishing the binding modes between molecules and DNA. [29] Cations of a strong electrolyte, such as NaCl instead of potassium iodide, can neutralise the negatively charged phosphate. On account of a competition for phosphate anion, the addition of Na þ will weaken the surface-binding interactions which include hydrogen bonding and electrostatic interactions between small molecules and DNA. As shown in Fig. 8 , when the concentration of NaCl was from 0 to 0.25 mol L
À1
, the fluorescence intensities of both free ADNRS and DNA-ADNRS system did not change obviously, showing that the electrostatic interaction between ADNRS and DNA could be excluded.
DNA Melting Studies
The thermal behaviour of DNA in the presence of small molecules can give insight into their conformational changes and the strength of the interactions. Generally, double-stranded DNA gradually denatures into single strands and generates a hyperchromic effect on the absorption spectra of DNA bases (l ¼ 260 nm) when the solution temperature increases. [30] In order to identify this transition process, the melting temperature T m , which is defined as the temperature where half of the total base pairs are unbound, is usually measured. T m is obtained from the transition midpoint of the curve when f ss is plotted against T, where f ss ¼ (A À A 0 )/(A f À A 0 ); A 0 is the initial absorbance intensity, A is the absorbance intensity corresponding to its temperature, and A f is the final absorbance intensity. [31] It is well known that intercalation of complexes into DNA base pairs can stabilise the double helix structure and T m increases by ,5 to 88C, but that non-intercalative binding causes no obvious increase in T m . [32] Based on the experimental conditions of this work, thermal denaturation experimental results showed that ctDNA had a T m of 80 AE 0.58C, but T m of 82.5 AE 0.58C when complexed with ADNRS (Fig. 9) . The slight change in T m value shows that ADNRS provided lower accessibility for ctDNA-binding than the intercalating bound molecules, suggesting the existence of external or groove binding between ADNRS and DNA.
Molecular Modelling Studies
As a widely used method for designing new drugs, molecular modelling can provide some insight into the interactions between a macromolecule and a ligand. [33] Many groove binders tend to bind in the region of rich A-T base pairs because it is narrower than the region of rich C-G base pairs, which stabilises the binding. [34] To further confirm the experimental results, complementary application of molecular docking was employed. In the final docked conformation shown in Fig. 10a , ADNRS bound to A-T residues in the minor groove, parallel to the trend of the double helix, which supported our previous results in favour of groove binding. There were hydrogen bonding interactions between ADNRS and ctDNA. The hydroxyl oxygen atom of C (11) H atoms of A-17, the carbonyl oxygen atom of the semicarbazone was at a distance of 2.3 Å from the O(3 0 ) hydroxyl H atoms of A-18, the carbonyl O atom of C(10) was at a distance of 2.2 Å from the C(2) azyl H atom of G-10, and the C(14) hydroxy oxygen atom was a distance of 2.0 Å from the C(2) azyl H atom of G-10. Calculation of the binding energy from docking studies revealed the importance of hydrogen bonding in the binding process besides the hydrophobic interaction, which supplemented the binding force results from the thermodynamic data.
Conclusion
DNA binding properties of ADNRS were studied in physiological buffer by UV and fluorescence spectroscopy, and molecular modelling techniques. The binding constants and the number of binding sites were calculated based on fluorescence quenching data at different temperatures. Reversible groove binding of ADNRS with ctDNA seems to be at play, according to absorption spectra, iodide quenching studies, the denatured DNA experiment, and the melting temperature determinations. Moreover, the molecular docking results corroborated the experimental results from spectroscopic investigations. Compared with the intercalation mode of ADNR binding to ctDNA, [35] the change in binding mode might be due to the interaction of the semicarbazone group with a phosphate group of ctDNA. The results gained from this study should be a valuable tool for the design and synthesis of new and improved therapeutic agents.
